j*>?s rj-i'J-H 


N95- 27633 


EXPOSURE OF LDEF MATERIALS 1Q_ 
ATOMIC OXY GEN: RESULTS OF EQIM m 


C.H. Jaggers 
M.J. Meshishnek 

The Aerospace Corporation 
Mechanics and Materials Technology Center 
El Segundo, CA 90245 
Phone: 310/336-68760, Fax: 310/336-5846 


ABSTRACT 


The third Effects of Oxygen Atom Interaction with Materials (EOIM ID) experiment flew 
on STS-46 from July 31 to August 8, 1992. The EOIM-HI sample tray was exposed to the 
low-earth orbit space environment for 58.55 hours at an altitude of 124 nautical miles resulting in a 
calculated total atomic oxygen (AO) fluence of 1. 99X10 20 atoms/cm 2 . Five samples previously 
flown on the Long Duration Exposure Facility (LDEF) Experiment M0003 were included on the 
Aerospace EOIM III experimental tray: (1) Chemglaze A276 white thermal control paint from the 
LDEF trailing edge (TE); (2) S13GLO white thermal control paint from the LDEF TE; (3) 
S13GLO from the LDEF leading edge (LE) with a visible contamination layer from the LDEF 
mission; (4) Z306 black thermal control paint from the LDEF TE with a contamination layer from 
the LDEF mission; and (5) anodized aluminum from the LDEF TE with a contamination layer 
from the LDEF mission. The purpose of this experiment was twofold: (1) investigate the 
response of trailing edge LDEF materials to atomic oxygen exposure, thereby simulating LDEF 
leading edge phenomena; (2) investigate the response of contaminated LDEF samples to atomic 
oxygen in attempts to understand LDEF contamination-atomic oxygen interactions. 

This paper describes the response of these materials to atomic oxygen exposure, and 
compares the results of the EOIM in experiment to the LDEF mission and to ground-based 
atomic oxygen exposure studies. 


INTRODUCTION 

Specimens retrieved form the Long Duration Exposure Facility (LDEF) showed dramatic 
differences between the response of materials located on the leading edge (LE) and those on the 
trailing edge (TE). These differences are largely attributed to the high fluence of atomic oxygen to 
which the leading edge specimens were exposed/ 1 ) The synergistic effects between UV radiation 
and atomic oxygen have also received much attention since the return of LDEF. Typical responses 
of white thermal control paints on the trailing edge included darkening due to the UV exposure. 
However, paint specimens on the leading edge of LDEF in many cases retained their white 
properties, presumably due to the scrubbing effects of atomic oxygen which removed the UV 
damaged layer/ 1 _ 3) Contamination on LDEF has, and continues to be, actively investigated, 
especially with respect to reaction with UV and atomic oxygen/^®) 

The purpose of this experiment was twofold. First, we wished to simulate LDEF LE phenomena 
by exposing TE samples of white paints to low Earth orbit atomic oxygen. Second, we wanted to 
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see if contamination layers on TE specimens could be removed and/or chemically altered by the 
atomic oxygen exposure. The exposure of these materials on EOIM m can be compared to recent 
results obtained from ground-based atomic oxygen exposures using O-atom facilities at Los 
Alamos National Laboratory (LANL). 

FLIGHT DESCRIPTION 

The third Effects of Oxygen Atom Interaction with Materials (EOIM III) experiment flew 
on STS-46 from July 31 to August 8, 1992. The EOIM-HI sample tray was exposal to the low- 
Earth orbit space environment for 58.55 hours at an altitude of 124 nautical miles. The sample tray 
was exposed to a calculated total atomic oxygen (AO) fluence of 1.99x102° atoms/cm 2 . Five 
samples previously flown on the M0003 LDEF experiment were included on the Aerospace 
experimental tray: (1) Chemglaze A276 white thermal control paint from the LDEF trailing edge 
(TE); (2) S13GLO white thermal control paint from the LDEF TE; (3) S13GLO from the LDEF 
leading edge (LE) with a visible contamination layer from the LDEF mission; (4) Z306 black 
thermal control paint from the LDEF TE with a contamination layer; and (5) anodized aluminum 
from the LDEF TE with a contamination layer. 


SAMPLE DESCRIPTION AND PREPARATION 

Chemglaze A276 is a white thermal control paint manufactured by Lord Corporation that 
consists of primarily a titanium dioxide pigment in a polyurethane binder. This paint was used on 
LDEF as a thermal control coating on the Experiment Power and Data System (EPDS) sunshields. 
TTie samples used for EOIM III were sectioned from the Aerospace Corporation LDEF 
experiment EPDS sunshield located on the LDEF trailing edge at D4.0) The sunshield exposure 
was 10,400 equivalent sun hours of UV radiation and an atomic oxygen fluence of 2.31xl0 5 
atoms/cm 2 during the LDEF mission. (9,10) Unlike leading edge samples of Chemglaze A276, 
these samples did not show evidence of atomic oxygen erosion from the LDEF mission due to 
their exposure to a much lower atomic oxygen fluence (by about seventeen orders of 
magnitude).(i, 3 ) The samples rather had been considerably darkened from UV radiation but 
remained quite glossy and specular. 

S13GLO is a white thermal control paint manufactured by li'i'Kl that incorporates a zinc 
oxide pigment in a methyl silicone binder. The ZnO pigment is encapsulated with potassium 
silicate for increased radiation stability. The samples were sectioned from the leading and trailing 
edge signal conditioning unit covers (SCU) on trays D8 and D4, respectively.(i) The LE samples 
had previously been exposed to 9400 equivalent sun hours of UV radiation and an atomic oxygen 
fluence of 8.99xl0 21 atoms/cm 2 . (9,10) The LE samples used for the EOIM HI experiment were 
contaminated with a dark brown/tan contamination layer which significantly increased the paint's 
solar absorptance. However, the samples were taken from the side of the SCU cover so they saw 
no direct exposure to atomic oxygen but may have seen some reflected or scattered AO during the 
LDEF mission. The contamination was the result of venting of contamination from the interior of 
LDEF. 


The TE S13GLO samples, used for the EOIM in experiment, like the Chemglaze A276 
TE samples, were exposed to 10,400 equivalent sun hours of UV radiation and an atomic oxygen 
fluence of 2.31x10 s atoms/cm 2 .(9. i°) These samples had also been significantly darkened by the 
UV exposure.^) There was no significant contamination layer on these samples as was the case for 
the LE specimens. 
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Chemglaze Z306 is a black thermal control paint manufactured by Lord Corporation that 
incorporates a carbon black pigment in a polyurethane binder. Samples were sectioned from a 
module backing plate on the LDEF trailing edge tray at location D3. This painted surface was 
facing inside of LDEF, and therefore was not subjected to UV radiation or atomic oxygen 
impingement The backing plate did, however, have a visible contamination layer from the 
outgassing of various components and/or experiments on LDEF. 

Anodized aluminum samples were sectioned from the environmental exposure control 
canister (EECC) located on the LDEF trailing edge at D4. Consequently, it had been exposed to 
10,400 equivalent sun hours of UV radiation and an atomic oxygen fluence of 2.31xl0 5 
a toms/cm 2 . ( 9 - 10 ) A light brown contamination layer was present on the surface due to the 
outgassing of various components and/or experiments on LDEF, and their subsequent photo-fixing 
from the UV exposure/ 1 ) 

The samples were sectioned into several l"-diameter discs. The following sample notation 
and descriptions were used for identification purposes: 

EOIM3-X-Y 

where X = Material Designation as follows: 

1 = Chemglaze A276 white thermal control paint on aluminum 

substrate from trailing edge of LDEF (D4 sunshield) 

2 = S 13GLO white thermal control paint on aluminum substrate from 

trailing edge of LDEF (D4 signal conditioning unit cover) 

3 = S13GLO white thermal control paint on aluminum substrate from 

leading edge of LDEF with contamination stain (D8 signal 

conditioning unit cover) 

4 = Z306 black thermal control paint on aluminum substrate from trailing 

edge of LDEF with contamination stain (Interior module backing 

plate from tray D3) 

5 = Aluminum section from trailing edge of LDEF with contamination 

stain (D4 EECC sunshield) 

Y = Sample use designation as follows: 

1 = Flight sample 

2 = Control Sample 

3-5 = LANL, Analysis samples 

All samples were baked for at least 24 hours at a minimum temperature of 65°C and a maximum 
pressure of 2xl0- 6 torr to meet EOIM IH flight contamination requirements. 


The flight samples were characterized before and after the EOIM HI mission and compared 
to the control samples. Sample weight, solar absorptance, surface analysis, and surface 
morphology were all determined for each sample by the methods described below. 

Change in the optical properties of thermal control materials, especially solar absorptance, is 
the primary indication of degradation after exposure to the space environment. Diffuse reflectance 
spectra of the samples from 250-2500 nm were obtained using a Perkin-Elmer Lambda 9 
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UV/VIS/NIR spectrophotometer equipped with a barium sulfate integrating sphere. Solar 
absorptance values for each sample were calculated from the spectra after normalization to an NIST 
diffuse reflectance standard. The precision of the measurement is ± 0.003, however absorption of 
the material outside the range of measurement can produce errors in accuracy of 4%. 

X-ray Photoelectron Spectroscopy (JO’S) was used to investigate the surface chemistry of 
the samples and to detect any surface compositional changes. A VG Scientific MICROLAB MK 
II multiprobe instrument was used for the XPS analyses. The samples were mounted on sample 
stubs with double-sided tape. Survey scans from 0 to 1 100 eV binding energy were acquired with 
a Mg Ka source to qualitatively determine the sample surface composition. Analysis areas were 
about 4x5 mm in size and to a depth of 50-100A. High resolution elemental scans were 
subsequently run to obtain semi-quantitative elemental analyses from peak area measurements and 
chemical state information from the details of binding energy and shape. Measured peak areas for 
all detected elements were corrected by elemental sensitivity factors before normalization to give 
surface mole %. The quantitation error on a relative basis is <10% of the measurement for 
components with a surface concentration >1 mole %. Large uncertainties in the relative elemental 
sensitivity factors can introduce absolute errors of a factor of 2 or even greater. The detection limit 
is about 0.1 surface mole %, but spectral overlaps between large peaks and small peaks can make it 
impossible to detect minor components, particularly when more than one chemical state is present 
for a given element.^ ri 

Changes in surface composition and structure were also investigated using Fourier- 
Transform Infrared Spectroscopy (Fl'lR). F11K spectra were obtained by the diffuse reflectance 
method using a Nicolet MX-1 infrared spectrometer scanning from 4000 to 400 cm- 1 . 

The surface morphologies of the control and flight samples were compared using a JEOL 
JSM-840 Scanning Electron Microscope (SEM). An accelerating voltage of 15 KeV was used for 
all sample observations. Photographs of the samples were taken at magnifications from 100- 
5000X. It was necessary to carbon-coat the paint samples prior to analyses to eliminate the surface 
charging effects that distorted the SEM images. 


RESULTS 

Optical and surface analysis measurements were performed on all of the flight and control 
samples, both before and after the EOIM III mission. However, due to the destructive nature of 
the SEM investigations (i.e., carbon-coating the samples), no preflight SEM analyses were 
performed on the flight samples. Thus, comparisons were made between post-flight and control 
samples. 

Pre- and post- flight weight measurements of the samples are listed in Table 1. Quantitative 
conclusions from these measurements are difficult, since there was some contamination of many 
samples during the EOIM m mission. However, the measurements are qualitatively consistent 
with the other results, as discussed below. The net weight gain for the S13GLO samples is 
unusual and may be due to re-absorption of water vapor postflight. 

Chemglaze A276 (TE). The trailing edge LDEF sample (EOIM3-1-1) of Chemglaze 
A276 showed marked changes due to the EOIM m exposure, as expected. Visual inspection 
revealed that the sample changed from brown to white during the experiment and the surface 
became more diffuse. A photograph of the post-flight sample is shown in figure 1. The UV-VIS- 
NIR spectra (Figure 2) show increased reflectance after the exposure and that the change in the 
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material primarily occurred in the visible wavelength range. The solar absorptance decreased from 
0.528 to 0.295 (Table 2) 

Investigation of the surface morphology by SEM (Figure 3) indicates the expected changes 
due to the atomic oxygen exposure. The flight sample, in comparison to the ground control, 
indicates a significant roughening of the surface from erosion. The control sample, which has not 
been exposed to significant amounts of atomic oxygen, appears to be relatively intact with the 
titanium dioxide pigment particles dispersed throughout the polyurethane binder. However, the 
polyurethane binder on the surface of the flight sample was eroded away leaving a surface that is 
primarily titanium dioxide pigment. These differences were also seen between LDEF leading and 
trailing edge samples/ 1 >3) 

The preflight and postflight Fi'lR spectra of the Chemglaze A276 sample are shown in 
figure 4. There is an apparent reduction in infrared absorption throughout the wavelength range 
suggesting a thinning of the polyurethane binder layer from atomic oxygen erosion. This is 
consistent with the SEM observations. However no significant spectral shifts or intensity ratio 
changes were observed, suggesting uniform erosion of the polyurethane. There appears to be a 
small change in the absorption ratio at 750 cm* 1 , which may be due to removal of aromatic 
hydrogens in the polyurethane. 

The XPS results for the Chemglaze A276 sample (Table 3) indicate changes to the surface 
chemical composition/ 12 ) The preflight surface silicon is presumably due to contamination. An 
increase of 6.5 atom % of surface silicon was detected on the post-flight sample which is attributed 
to flight contamination and to an aluminum silicate filler/extender that is used in the Chemglaze 
paints being uncovered as the binder erodes away ( 2 X The corresponding increase in aluminum is 
consistent with this hypothesis. The 40% decrease in carbon concentration is explained by loss of 
the polyurethane binder by reaction with the atomic oxygen. The increase in surface oxygen could 
be due to deposition of silicone contaminants during the EOIM HI mission, exposure of the 
alumin um silicate, or some oxidation of surface silicones to silicates. However, the shift in the 
Si2p binding energy was not significant. Other samples on the Aerospace EOIM in tray had 
postflight increases in surface silicon which had to have been caused by flight contamination/ 12 ) 
The small increase in titanium signal and decrease in nitrogen concentration are also consistent with 
loss of surface binder. Pre-flight contamination is presumed responsible for the surface tin signal. 

The sample weight (Table 1) shows a net decrease, which is consistent with the observation 
that atomic oxygen erosion caused removal of the polyurethane binder. 

S13GLO (TE). The S13GLO sample from the trailing edge of LDEF visually appeared 
whiter in comparison to the control sample and to the masked region of the flight sample (figure 5). 
The sample exhibited increased postflight reflectance in the visible wavelength range (Figure 6), 
resulting in a decreased solar absorptance from 0.417 to 0.355 (Table 1). 

Investigation of the surface morphology with SEM (Figure 7) indicates that exposure to 
atomic oxygen resulted in minor changes. The surface of the flight sample appears to have been 
slightly eroded by atomic oxygen, although not as extensively as the Chemglaze A276 sample. As 
with Chemglaze A276, the erosion was probably due to atomic oxygen erosion of the binder. 
However in this case erosion of the silicone is much less than the polyurethane used in the 
Chemglaze paints. Erosion of the S 13GLO binder was not observed on M0003 LDEF 
samples/ 13 ) 
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Figure 8 gives the preflight and postflight FTTR spectra for the TE S 13GLO sample. Some 
decreased absorbance is noted for the sample after the exposure. There is a significant but small 
decrease in the absorption at 3000 cm 1 due to the C-H stretch indicating oxidative removal of the 
methyl groups attached to the silicone polymer. This effect has been observed on earlier EOIM 
flights.* 13 ) 

XPS post-flight analysis showed a significant decrease in the surface carbon concentration, 
an increase in the surface silicon concentration, and a small increase in the surface oxidation relative 
to the pre-flight analysis (Table 3).( 5 ) The increase in silicon concentration is probably due to 
contaminant deposition, although it is impossible to distinguish between the possible sources of 
silicon (contaminant silicones, methyl silicone binder, potassium silicate encapsulate). There is 
indication that oxidation of silicone to silica on the surface occurred, as supported by a shift of the 
Si2p binding energy peak. Silica was the predominant state on the pre-flight sample, but some 
additional oxidation of surface silicones or silicates has probably occurred due to the atomic oxygen 
exposure. The increase in potassium and larger increase in zinc signal indicates that some loss of 
surface binder occurred. 

The sample weight (Table 1) increased slightly during the EOIM in experiment. However, 
it did not increase as much as for the S 13GLO (LE, contaminated) sample, which was relatively 
inert to atomic oxygen exposure (see next section). These facts are consistent with the hypothesis 
that atomic oxygen erosion of the methyl silicone binder did occur but the total weight loss was 
slightly less than the weight gain due to flight contamination or re-absorbed water vapor. 

S13GLO fLE. contaminated'). The S 13GLO sample from the side of the SCU cover on the 
leading edge of LDEF was recovered still visibly contaminated with a brown "nicotine" stain. The 
post-flight photo of this sample is shown in figure 9. The reflectance spectra in Figure 10 indicate 
very little change resulting from atomic oxygen exposure; the solar absorptance increased 
insignificantly from 0.507 to 0.515 (Table 2). 

The SEM photographs in Figure 1 1 show a significantly different surface morphology than 
the S13GLO LDEF TE sample, presumably due to the contamination layer. From the SEM 
photographs, it appears the contamination layer grows from nucleation sites on the surface in an 
upward direction, away from the surface. Both die flight sample (after atomic oxygen exposure) 
and the control sample (no atomic oxygen exposure) have similar surface morphologies, indicating 
that atomic oxygen had little effect on this contamination layer. 

The FTTR spectra for the LE S 13GLO sample are given in figure 12. Essentially no 
changes occurred due to the atomic oxygen exposure. Overall absorption changes are evident due 
to thickness differences in different areas of the paint sample. 

Post-flight XPS analysis of the sample showed very litde significant change in the surface 
composition (Table 3).( 5 ) A small decrease in the surface carbon concentration was noted. The 
contamination layer from the LDEF exposure appears to be quite stable to further atomic oxygen 
exposure. The binding energy of the Si2p peak indicates that the predominant surface state is silica, 
which is consistent with its stability to the space environment 

The sample weight increased after the EOIM III exposure (Table 1). The sample analyses 
show that this sample was relatively inert to atomic oxygen, thus causes for the apparent weight 
gain are unknown. However it may be unique to the material S13GLO since both EOIM TTT 
samples gained weight. Reabsorbed water is a possible source. 
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Z306 (TE. contaminated') . The sample of Z306 from the trailing edge of LDEF flown on 
EOIM m exhibited only a slight change in its reflectance post-flight, resulting in a negligible 
increase in its solar absorptance from 0.955 to 0.960 (Table 2). Visually the sample appeared the 
same as before the flight (figure 13). The reflectance spectra are shown in figure 14. However, 
XPS and SEM results indicate significant changes did occur due to atomic oxygen erosion. 

The XPS data in Table 3 shows a significant loss of surface carbon, which may be due to a 
loss of either carbon black pigment and/or polyurethane binder. A decrease of surface nitrogen 
concentration indicates a minor loss of surface binder. The large preflight surface silicon is due to 
the contamination layer on the sample. The increase in silicon may be due to flight contamination 
or the exposure of a silicate filler due to erosion of the binder. 

The surface morphology of the Z306 sample was clearly altered as indicated by the SEM 
photographs in Figure 15. The flight sample has what appears to be a pitted or cratered surface, 
where portions of the surface were eroded away. This effect is not uniform across the surface, 
resulting in fairly large craters or pits. In contrast, the control sample has a fairly uniform texture, 
evenly distributed over the entire surface. The reasons for this erosion behavior are not understood. 

The FTTR spectra for this sample as shown in figure 16 do not indicate any significant 
chemical changes in the sample due to the atomic oxygen exposure. 

The Z306 sample experienced weight loss due to the EOIM HI exposure (Table 1). This 
weight loss is consistent with the erosion of the surface; however, the magnitude of this erosion 
appears more significant than indicated by the sample weight change. Some of this erosion could 
have been offset by a weight gain due to contamination during the flight exposure. 

Anodized Aluminum (TE. contaminated). The anodized aluminum sample from the 
trailing edge of LDEF with a visible contamination layer is shown in figure 17, post-flight The 
sample exhibited an increase in its reflectance post-flight (Figure 18), resulting in a decrease in its 
solar absorptance from 0.394 to 0.330 (Table 2). The preflight XPS analysis indicated that the 
sample was contaminated with a layer of silica and silicones/silicates based on the Si2p peak. 

Post-flight surface analysis showed additional surface deposition of silicon, increased 
surface oxidation and decreased surface carbon concentration. The silicon concentration increased 
by 5 atom % with new contaminant deposition. The decreased carbon signal, combined with the 
increased aluminum substrate signal, indicates that a significant portion of the carbon in the 
contaminant layer was removed by atomic oxygen during the flight. The increased silicon signal 
gives the most reliable data of the five samples, indicating that contamination occurred during the 
EOIM HI mission. The F11R spectra shown in figure 19 indicate that the contaminant layer has 
probably been thinned due to the exposure. Even with the silicon contamination, the sample still 
lost weight as indicated in table 1. 


COMPARISO N T Q GROUND-BASED EXPERIMENTS 

For comparison to the EOIM HI results, two LDEF samples of Chemglaze A276 (TE) and 
S13GLO (TE) similar to the samples flown on EOIM HI were exposed in the Hyperthermal 
Atomic Oxygen Facility at Los Alamos National Laboratory (LANL). These samples were cut 
from the same areas as the EOIM m specimens. 
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The atomic oxygen facility at LANL consists of a continous-wave laser sustained discharge source 
producing O-atoms having a variable energy of 1 to 5 eV at a flux of 10 16 to 10 17 atoms/cm 2 sec. 

A detailed description of the facility including flux calculations has been published 
previously. ( 14 . 15 ) j n this experiment, exposures were made using a 50% Ar/50% O 2 gas mixture, 
with an estimated dissociation of O 2 of 95%. The kinetic energy of the atoms was 2 eV with a full- 
width-half maximum on the energy distribution curve of 1.5 eV. The total atomic oxygen 
exposure for the samples was 2.0x102° atoms/cm 2 for Chemglaze A276 and 1.6xl0 20 atoms/cm 2 
for S13GLO, which were similar to the total sample exposures on EOIM HI. 

Chemglaze A276 (TE). The LANL Chemglaze A276 sample showed similar effects to the 
EOIM HI flight sample. Visually, the sample changed from brown to white, as evident by the 
increased reflectance below 1500 nm (Figure 20) and the decreased solar absorptance from 0.536 
to 0.258 (Table 2). Comparison with the reflectance data obtained from EOIM HI on the same 
material, the LANL paint sample exhibited greater increased reflectance post-test than the flight 
sample. Since both samples received the same atomic oxygen dose, the reasons for this are not 
clear. 


Atomic oxygen erosion of the polyurethane binder accounts for the changes in the surface 
morphology, as evident in the SEM photographs in Figure 21. Like the EOIM HI flight sample, 
exposure of the sample to atomic oxygen at LANL resulted in preferential erosion of die 
polyurethane binder, leaving a predominandy titanium dioxide pigment surface. 

The XPS data for the Chemglaze A276 sample is shown in Table 3. Comparable decreases 
in surface carbon concentration, about 40% relative, were noted after AO exposure at LANL and on 
EOIM HI. As discussed earlier, this loss of carbon is most likely due to the reaction of atomic 
oxygen with the polyurethane binder, creating volatile molecules which leave the surface. The 
surface silicon is probably due to surface contamination. However the relative increase in the 
surface silicon concentration could be due to the loss of surface carbon or to the aluminum silicate 
filler that is present in the chemglaze paints. Both the EOIM HI sample and the LANL sample 
experienced similar increases in the silicon concentrations. Based on the Si2p binding energy, the 
predominant state of silicon appears to be silica/ 11 ) Similar to the EOIM HI sample, an increase in 
aluminum concentration is observed which is attributed to the aluminum silicate filler. Importantly, 
no cracking of delaminations was seen in either the LANL or EOIM HI sample. Thus, the 
aluminum signal is not due to the paint substrate. 

S13GLO (TE). The S13GLO TE sample lightened during the ground-based atomic 
oxygen exposure at LANL, but visually it did not lighten as much as the EOIM HI flight sample. 
However, the change in the reflectance curve (Figure 22) is similar to the change observed for the 
flight sample (Figure 6). The change in solar absorptance from 0.422 to 0.386 is a little over half 
that observed for the flight sample (Table 2). 

Investigation of the surface morphology with SEM (Figure 23) shows slight changes due 
to atomic oxygen exposure. These changes are minor, and again, qualitatively are less than 
observed for the EOIM HI sample. 

The pre-exposure XPS analysis of the LANL sample indicated similar surface composition 
to the EOIM HI flight sample (Table 3). Post-experiment analyses of the LANL AO experiment 
sample and the EOIM HI flight sample showed similar decreases in surface carbon concentration, 
increases in surface silicon concentration, and increases in surface oxygen. The decrease in surface 
carbon concentration of 30% relative is due to the loss of volatile molecules formed by atomic 
oxygen reactions, and also accounts for much of the relative increase in surface silicon and oxygen 


938 



concentrations. The Si2p binding energy indicates that the predominant state on both surfaces is 
SiC> 2 . Additionally, a shift in the charge-corrected binding energy of this peak of about half a volt 
indicates that some additional oxidation of residual surface silicones or silicates probably occurred 
during LANL AO exposure/ 11 ) 

Increases in surface potassium and zinc only occurred on the EOIM ID sample, indicating 
that the LANL AO experiment sample did not experience a significant loss of surface binder. In 
contrast, the EOIM HI sample showed an increase in potassium and a large increase in zinc, 
indicating that some loss of binder did occur. This difference may be caused by differences in 
thermal cycling and VUV exposure between the two AO exposure environments. Additionally, 
the EOIM HI sample was exposed to a 25% greater fluence than the ground-based LANL AO 
exposure sample, which could directly affect the amount of binder removed from the surface, 
thereby affecting the degree of exposure of the pigment to the XPS instrument AO exposure at 
LANL also resulted in a 60% relative decrease in surface nitrogen, while no decrease was noted for 
the EOIM HI sample. This discrepancy may indicate that nitrogen-containing contaminant 
deposition occurred on EOIM HI, balancing nitrogen loss due to AO reactions/ 11 ) 


SUMMARY 

The results from EOIM HI are consistent with the results and conclusions from 
LDEF. Several generalizations can be made, which include the following: 

• Exposure of retrieved TE LDEF paints to atomic oxygen either in ground-based facilities or on 
Shuttle sorties approximates LE phenomena observed on LDEF. 

• While quite similar results were obtained between EOIM III and LANL exposure studies, there 
are some small differences in the response of the paints to these two environments. 

• Organic paint binders such as methyl silicone or polyurethane react with atomic oxygen to form 
volatile carbon-based molecules which are removed from the paint surface. 

• The methyl silicone binder in S 13GLO, although still susceptable to reaction with atomic 
oxygen, is not as reactive as the Chemglaze A276 polyurethane binder. 

• Depending on the chemical composition of the paint binder, erosion can occur which results in 
the exposure of pigment particles, which can affect the solar absorptance of the paint surface. 

• The polyurethane binder in Chemglaze A276 degrades upon exposure to UV radiation, 
resulting in a significant increase in solar absorptance. Exposure of this surface to atomic 
oxygen results in erosion of the binder surface layers, resulting in a predominantly titanium- 
dioxide pigment surface and a significant decrease in solar absorptance. 

• Silicones and/or silicates tend to be oxidized by atomic oxygen to form silica, Si02. Erosion of 
the silicone occurs at the methyl groups, leading to a silicate and eventually, silica. 

• Not all surfaces are susceptable to atomic oxygen erosion, as displayed by the contamination 
layer on the S13GLO LE sample. 

• Contaminated surfaces containing silicones which have been oxidized to silicates or silica 
are resistent to further erosion. 
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Table 1. Weights of EOIM HI Samples 


Sample 

Sample ID 

Chemglaze A276 

EOIM3-1-1 

S13GLOTE 

EOIM3-2-1 

S13GLOLE 

EOIM3-3-1 

Chemglaze Z306 

EOIM3-4-1 

Aluminum 

EOIM3-5-1 


Pre-flight 

Weight (g) 
Post-flight 

Change 

1.394380 

1.394300 

-0.000080 

1.323910 

1.324040 

+0.000130 

1.300280 

1.300810 

+0.000530 

2.191500 

2.191410 

-0.000090 

2.241205 

2.241180 

-0.000025 


Table 2. Solar Absorptance Calculations of EOIM HI Samples 


Sample 

Sample ID 



Solar Absorptance 





Pre-flight 

Post-flight 

Change 

Chemglaze A276 

EOIM3-1-1 

Flight 

0.528 

0.295 

-0.233 


EOIM3-1-2 

Control 

0.537 

0.534 

-0.003 


EOIM3-1-3 

LANL 

0.536 

0.258 

-0.278 

S13GLO 

EOIM3-2-1 

Flight 

0.417 

0.355 

-0.062 


EOIM3-2-2 

Control 

0.424 

0.422 

-0.002 


EOIM3-2-3 

LANL 

0.422 

0.386 

-0.036 

S13GLO 

EOIM3-3-1 

Flight 

0.507 

0.515 

+0.008 


EOIM3-3-2 

Control 

0.515 

0.506 

-0.009 

Chemglaze Z306 

EOIM3-4-1 

Flight 

0.955 

0.960 

+0.005 


EOIM3-4-2 

Control 

0.953 

0.952 

-0.001 

Aluminum 

EOIM3-5-1 

Flight 

0.394 

0.330 

-0.064 


EOIM3-5-2 

Control 

0.393 

0.390 

-0.003 



Table 3. XPS Surface Analysis of EOIM HI Flight Samples 


Sample 

C 

O 

Si 

Surface Mole % (Normalized) 
Sn Ti N S Q 

Na 

F 

A1 

Chemglaze A276 (TE): 
EOIM3-1-1 
Pre-flight 

51 

38 

5.5 

0.7 

trace 

3.1 

0.4 

0.2 

0.5 

0.6 

~0.2 

Post-flight 

30 

51 

12 

1.1 

0.4 

2.7 

0.2 

traoe 

1.7 

0.4 

-3 

EOIM3-1-3 (LANL) 
Pre-exposure 

50 

38 

7.5 

0.5 

trace 

2.9 

0.4 

0.1 

0.4 

0.4 

-0.2 

Post-exposure 

23 

52 

14 

1.2 

0.6 

1.2 

0.5 

nd 

1.6 

0.2 

6.1 

Z306 (TE, contaminated): 
EOIM3-4-1 
Pre-flight 

30 

53 

15 

0.1 

nd 

1.4 

0.2 

nd 

0.1 

0.3 


Post-flight 

23 

56 

19 

0.1 

nd 

1.1 

trace 

nd 

trace 

0.2 



Surface Mole % (Normalized) 


Sample 

C 

O 

Si 

K 

Zn 

N 

S 

Cl 

Na 

F 

S13GLO(TE): 

EOIM3-2-1 

Pre-flight 

33 

43 

19 

0.6 

0.3 

2.2 

0.5 

0.4 

0.5 

0.4 

Post-flight 

22 

47 

25 

0.8 

1.8 

2.2 

0.1 

1.1 

0.4 

0.1 

EOEM3-2-3 (LANL) 
Pre-exposure 

34 

41 

21 

0.6 

0.4 

1.9 

0.6 

0.4 

0.3 

0.2 

Post-exposure 

21 

49 

28 

0.2 

0.3 

0.7 

0.3 

0.2 

0.1 

nd 

S13GLO (LE, contaminated): 
EOIM3-3-1 
Pre-flight 

19 

53 

28 

nd 

nd 

0.2 

0.2 

nd 

nd 

nd 

Post-flight 

16 

55 

29 

nd 

trace 

0.2 

trace 

trace 

nd 

0.1 


Surface Mole % (Normalized) 

Sample C O Si A1 Sn K Ca N S Cl Na F 

Anodized Aluminum (TE, contaminated): 

EOIM 3-5-1 

Pre-flight 46 37 5.7 4.8 0.4 0.3 0.3 1.7 0.3 0.2 2.4 0.4 

Post-flight 11 57 11 14 0.5 0.8 0.2 0.5 0.6 0.3 2.3 2 
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Reflectance, % 


Figure 1. Post-flight photograph of EOIM3-1-1, Chemglaze A276 LDEF TE. 



Figure 2. Reflectance spectra of EOIM3-1-1, Chemglaze A276 LDEF TE, before and after 

atomic oxygen exposure. 




Preflight 


Postflight 


Figure 3. SEM photgraphs of EOIM3-1-1, Cheraglaze A276 LDEF TE, before (left) and after (right) 

atomic oxygen exposure. 
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Figure 4. FTTR spectra of EOIM3-1-1, Chem glaze A276 LDEF TE, before and after 

atomic oxygen exposure. 
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Figure 5. Post-flight photograph of EOIM3-2-1, S13GL0 LDEF TE 
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Figure 6. Reflectance spectra of EOIM3-2-1, S13GLO LDEF TE, before and after 

atomic oxygen exposure. 
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Preflight 


Postflight 


Figure 7. SEM photographs of EOIM3-2-1, S13GLO LDEF TE, before (left) and after (right) atomic 

oxygen exposure. 
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Figure 8. FT1R spectra of EOIM3-2-1, S13GLO LDEF TE, before and after 

atomic oxygen exposure. 
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Figure 9. Post-flight photo of EOIM3-3- 1 , S 13GLO LDEF LE (contaminated). 



Figure 10. Reflectance spectra of EOIM3-3-1, S13GLO LDEF LE (contaminated), before and after 

atomic oxygen exposure. 
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Preflight 


Postflight 


Figure 11. SEM photographs of EOIM3-3-1, S13GLO LDEF LE (contaminated), before (left) and 

after (right) atomic oxygen exposure. 
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Figure 12. FTIR spectra of EOIM3-3-1, S13GLO LDEF LE (contaminated), before and after 

atomic oxygen exposure. 
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Postflight 


Figure 15. SEM photographs of EOIM3-4-1, Z306 LDEF TE (contaminated), before (left) and after 

(right) atomic oxygen exposure. 



Figure 16. FTIR spectra of EOIM3-4-1, Z306 LDEF TE (contaminated), before and after 

atomic oxygen exposure. 
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Figure 17. Post-flight photo of EOIM3-5-1, anodized aluminum LDEF TE (contaminated). 
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Figure 18. Reflectance spectra of EOIM3-5-1, anodized aluminum LDEF TE (contaminated), 

before and after atomic oxygen exposure. 
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19. FTIR spectra of EOIM3-5-1, anodized aluminum LDEF TE (contaminated), 
before and after atomic oxygen exposure. 



Figure 20. Reflectance spectra of EOIM3-1-3, Chemglaze A276 LDEF TE, before and after atomic 

oxygen exposure at LANL. 
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Preflight 


Postflight 


Figure 21. SEM photographs of EOIM3-1-3, Chemglaze A276 LDEF TE, before (left) and after 

(right) atomic oxygen exposure at LANL. 



Figure 22. Reflectance spectra of EOIM3-2-3, S13GLO LDEF TE, before and after atomic oxygen 

exposure at LANL. 
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Postflight 


Figure 23. SEM photographs of EOIM3-2-3, S13GLO LDEF TE, before (left) and after (right) 

atomic oxygen exposure at LANL. 





